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FIG. 3A 

Graphene SubStrate 

FIG. 3B 

Graphene Substrate 

FIG. 3C 

Graphene Substrate 
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FIG. 3D 

Graphene Substrate 

FIG 3E 

Graphene Substrate 
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FIG, 3G 

Graphene Substrate 
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1. 

MEMORY DEVICE USING GRAPHENE AS 
CHARGE-TRAPLAYER AND METHOD OF 

OPERATING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of Korean Patent 
Application No. 10-2013-0016595, filed on Feb. 15, 2013, 
in the Korean Intellectual Property Office, the disclosure of 
which is incorporated herein in its entirety by reference. 

BACKGROUND 

1. Field 
Example embodiments relate to non-volatile memory 

devices using graphene as a charge-trap layer by using a 
Schottky barrier between the graphene and a semiconductor 
substrate. 

2. Description of the Related Art 
Graphene has a 2-dimensional hexagonal carbon structure 

and research thereon is actively conducted as a material for 
replacing a semiconductor. In particular, graphene is a Zero 
gap semiconductor, has metallic characteristics, and contacts 
metal to form a Schottky barrier therebetween. 
As a non-volatile memory device, flash memory stores 

charges in a floating gate disposed between a control elec 
trode and a channel. In order to prevent or inhibit leakage of 
charges at a floating gate, the floating gate is Surrounded by 
an insulating layer. 

In order to trap charges from a channel to a floating gate, 
the charges should pass through an insulating layer (tunnel 
ing oxide) therebetween, and thus a higher operation voltage 
is required. 
As a charge-trap non-volatile memory device, a silicon 

oxide-nitride-oxide-silicon (SONOS) memory device may 
have a lower operation voltage. A SONOS memory device 
has a structure in which a tunneling layer formed of silicon 
oxide, a charge-trap layer formed of silicon nitride, a block 
ing layer formed of silicon oxide, and a gate electrode are 
sequentially stacked on a semiconductor channel. 

SUMMARY 

Example embodiments provide non-volatile memory 
devices using graphene as a charge-trap layer by using a 
Schottky barrier between the graphene and a semiconductor, 
instead of a typical tunneling oxide. 

Additional aspects will be set forth in part in the descrip 
tion which follows and, in part, will be apparent from the 
description, or may be learned by practice of example 
embodiments. 

According to example embodiments, a graphene memory 
includes a conductive semiconductor Substrate; a source and 
a drain spaced apart from each other on the conductive 
semiconductor Substrate, a graphene layer contacting the 
conductive semiconductor Substrate and spaced apart from 
and between the Source and the drain, and a gate electrode 
on the graphene layer, wherein a Schottky barrier is formed 
between the conductive semiconductor substrate and the 
graphene layer Such that the graphene layer is used as a 
charge-trap layer for storing charges. 
The conductive semiconductor Substrate may include one 

of silicon, germanium, silicon-germanium, and a Group 
III-V semiconductor. The graphene layer may include one to 
four layers of graphene. The graphene layer may include at 
least one of a hole and a slit. 
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2 
The graphene memory may further include a conductive 

layer contacting the graphene layer and facing the conduc 
tive semiconductor Substrate with respect to the graphene 
layer. The conductive layer may include one of metal and 
polysilicon. Each of the graphene layer and the conductive 
layer may include one of holes and slits. The one of holes 
and slits of the graphene layer may be connected to the one 
of holes slits of the conductive layer. 
A size of the Schottky barrier may vary according to a 

Voltage applied to the gate electrode. From a top view, the 
gate electrode may cover the graphene layer and may face 
the conductive semiconductor substrate exposed by the 
graphene layer. 

According to example embodiments, a method of oper 
ating the above graphene memory includes removing Stor 
age charges from the graphene layer by applying a drain 
Voltage to the drain and applying a first gate Voltage to the 
gate electrode, storing the storage charges in the graphene 
layer by applying a second gate Voltage to the gate electrode, 
the second gate Voltage having an opposite polarity to the 
first gate Voltage, and applying a third gate Voltage to the 
gate electrode, the third gate Voltage having the same 
polarity as the second gate Voltage and measuring a drain 
current flowing through the drain. 
The storage charges may be stored by doping the gra 

phene layer with the storage charges while increasing the 
Schottky barrier. 
The storage charges may be removed by doping the 

graphene layer with charges having an opposite polarity to 
the storage charges while reducing the Schottky barrier. The 
third gate Voltage may be lower than the second gate 
Voltage. 

According to example embodiments, a graphene memory 
includes a graphene layer contacting a substrate to form a 
Schottky barrier therebetween. 
The Substrate may include one of silicon, germanium, 

silicon-germanium, and a Group II-V semiconductor. The 
graphene layer may include one to four layers of graphene. 
The graphene layer may include at least one of a hole and a 
slit. 
The graphene memory may further include a conductive 

layer contacting the graphene layer and facing the Substrate 
with respect to the graphene layer. The conductive layer may 
include one of metal and polysilicon. Each of the graphene 
layer and the conductive layer may include one of holes and 
slits. The one of the holes and the slits of the graphene layer 
may be connected to the one of the holes and the slits of the 
conductive layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and/or other aspects will become apparent and 
more readily appreciated from the following description of 
the embodiments, taken in conjunction with the accompa 
nying drawings of which: 

FIG. 1 is a cross-sectional view of a memory device using 
graphene as a charge-trap layer, according to example 
embodiments; 

FIG. 2 is a plan view of the memory device illustrated in 
FIG. 1; 

FIGS. 3A through 3G are band diagrams between a 
Substrate and a graphene layer in order to describe the 
function of the memory device illustrated in FIG. 1; 

FIG. 3H is a current-voltage (I-V) characteristics graph 
showing threshold Voltages in program and erase conditions; 
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FIG. 4 is a cross-sectional view of a memory device using 
graphene as a charge-trap layer, according to example 
embodiments; 

FIG. 5 is a cross-sectional view of a memory device using 
graphene as a charge-trap layer, according to example 
embodiments; and 

FIG. 6 is a magnified view of a portion of FIG. 5. 

DETAILED DESCRIPTION 

Reference will now be made in detail to embodiments, 
examples of which are illustrated in the accompanying 
drawings, wherein like reference numerals refer to like 
elements throughout. In this regard, the present embodi 
ments may have different forms and should not be construed 
as being limited to the descriptions set forth herein. Accord 
ingly, the embodiments are merely described below, by 
referring to the figures, to explain aspects of the present 
description. 

It will be understood that, although the terms first, second, 
third etc. may be used herein to describe various elements, 
these elements should not be limited by these terms. These 
terms are used to distinguish one element from another. 
Thus, a first element discussed below could be termed a 
second element without departing from the teachings of 
example embodiments. As used herein, the term “and/or 
includes any and all combinations of one or more of the 
associated listed items. 
The terminology used herein is for the purpose of describ 

ing particular example embodiments only and is not 
intended to be limiting of the present inventive concept. As 
used herein, the singular forms “a,” “an” and “the are 
intended to include the plural forms as well, unless the 
context clearly indicates otherwise. It will be further under 
stood that the terms “comprises” and/or “comprising,” when 
used in this specification, specify the presence of Stated 
features, integers, steps, operations, elements, and/or com 
ponents, but do not preclude the presence or addition of one 
or more other features, integers, steps, operations, elements, 
components, and/or groups thereof. 

Unless otherwise defined, all terms (including technical 
and Scientific terms) used herein have the same meaning as 
commonly understood by one of ordinary skill in the art to 
which this inventive concept belongs. It will be further 
understood that terms, such as those defined in commonly 
used dictionaries, should be interpreted as having a meaning 
that is consistent with their meaning in the context of the 
relevant art and will not be interpreted in an idealized or 
overly formal sense unless expressly so defined herein. 

FIG. 1 is a cross-sectional view of a memory device 100 
using graphene as a charge-trap layer, according to example 
embodiments. embodiment. 

Referring to FIG. 1, a source region 122 and a drain 
region 124 which are impurity regions spaced apart from 
each other may be formed on a substrate 110. The substrate 
may be formed of a semiconductor. The memory device 100 
may include a graphene layer 130 as a charge-trap layer 
between the Source region 122 and the drain region 124. An 
insulating layer 140 and a gate electrode 150 are sequen 
tially stacked on the graphene layer 130. 

The substrate 110 may be formed of silicon, germanium, 
silicon-germanium, or a Group III-V semiconductor. It is 
assumed in the following description that the substrate 110 
is formed of silicon. The substrate 110 is doped with a p-type 
impurity or an n-type impurity. 
The source region 122 and the drain region 124 may be 

regions doped with an impurity having an opposite polarity 
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4 
to the substrate 110. For example, if the substrate 110 is 
doped with a p-type impurity, the source region 122 and the 
drain region 124 may be doped with an n-type impurity. 
The graphene layer 130 may be formed to be spaced apart 

from the source region 122 and the drain region 124 and to 
contact the substrate 110. That is, the graphene layer 130 
may be formed on a channel region 123 between the source 
region 122 and the drain region 124. The graphene layer 130 
may be a layer for trapping electrons or holes from the 
channel region 123. 
A Schottky barrier may be formed between the graphene 

layer 130 and the substrate 110 due to the contact therebe 
tween. According to example embodiments, a typical tunnel 
layer does not exist between the graphene layer 130 and the 
substrate 110 and the Schottky barrier functions as the tunnel 
layer. 
The graphene layer 130 may include one through four 

layers of graphene. Like metal, the graphene layer 130 has 
relatively high charge mobility. Accordingly, if the graphene 
layer 130 is used as a charge-trap layer, trapped charges may 
be uniformly distributed and thus improved charge storage 
characteristics may be achieved. Also, when the graphene 
layer 130 is a multiple layer of graphene having improved 
interlayer insulating characteristics, as long as a gate Voltage 
is not changed, trapped charges may hardly leak and thus 
improved retention characteristics may be achieved. 
The graphene layer 130 may have a width of about 20 nm 

to 150 nm. 
The insulating layer 140 may be formed of, for example, 

silicon oxide (SiO2), alumina (AlO), or hafnium oxide 
(H?O). 
The gate electrode 150 may be formed of, for example, 

aluminum (Al), gold (Au), beryllium (Be), bismuth (Bi). 
cobalt (Co), copper (Cu), hafnium (Hf), indium (In), man 
ganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), 
palladium (Pd), platinum (Pt), rhodium (Rh), rhenium (Re), 
ruthenium (Ru), tantalum (Ta), tellurium (Te), titanium (Ti), 
tungsten (W), Zinc (Zn), or Zirconium (Zr). 

FIG. 2 is a plan view of the memory device 100 illustrated 
in FIG. 1. For convenience's sake, the insulating layer 140 
is not illustrated. 

Referring to FIG. 2, the gate electrode 150 is formed 
above the graphene layer 130 to be wider than the graphene 
layer 130 and thus to cover the graphene layer 130. An 
electric field effect from the gate electrode 150 on the 
substrate 110 may have reduced due to the graphene layer 
130. Because the gate electrode 150 is formed to face the 
substrate 110 exposed by the graphene layer 130, an electric 
field from the gate electrode 150 is applied to the substrate 
110. 
A method of operating the memory device 100 will now 

be described in detail with reference to FIGS. 3A through 
3H. 

FIGS. 3A through 3G are band diagrams between the 
substrate 110 and the graphene layer 130 in order to describe 
the function of the memory device 100 illustrated in FIG. 1. 
In the following description, the substrate 110 is a p-type 
silicon Substrate and that the source region 122 and the drain 
region 124 are n+ doped regions. In this case, storage 
charges stored in the graphene layer 130 are electrons, and 
charges opposite to the storage charges are holes. A state 
before charges are charged in the graphene layer 130 (erase 
state) is referred to as state “0”, and a state when charges are 
charged in the graphene layer 130 (program state) is referred 
to as state '1'. 

Referring to FIG. 3A, an energy band in the channel 
region 123 may be represented as a band diagram between 
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the p-type substrate 110 and the graphene layer 130. Due to 
a contact between the substrate 110 and the graphene layer 
130, an energy band is formed in correspondence with work 
functions of the graphene layer 130 and the substrate 110. A 
Schottky barrier E, is formed between the substrate 110 and 
the graphene layer 130. The Schottky barrier E, restricts 
migration of electrons between the substrate 110 and the 
graphene layer 130. E. denotes a Fermi level. 
When a gate voltage is not applied, electrons hardly flow 

through the channel region 123. 
FIG. 3A shows an initial state in which a voltage is not 

applied to the memory device 100. 
Referring to FIG. 3B, if a first gate voltage (negative 

voltage) is applied to the gate electrode 150 and a positive 
Voltage is applied to the Substrate 110, in an accumulation 
mode, the graphene layer 130 is hole-doped and all electrons 
in the graphene layer 130 are removed. 

In an erase operation, the size of a Schottky barrier is 
reduced and the graphene layer 130 is doped with holes. 
Also, charges (electrons) stored in the graphene layer 130 
are tunneled to the substrate 110 and thus are removed. 

FIG. 3C is a band diagram of a state in which all voltages 
are removed after the erase operation of FIG. 3B is com 
pleted (state “0”). 

Referring to FIG. 3D, if a second gate voltage (positive 
Voltage) equal to or greater than a threshold Voltage of the 
erase state is applied to the gate electrode 150 and a 
predetermined or given drain Voltage is applied to the drain 
region 124, the channel region 123 is changed to an inver 
sion state such that the graphene layer 130 is doped with 
electrons and electrons of the channel region 123 move to 
the graphene layer 130. In a program operation, a Schottky 
barrier E. (see FIG. 3E) is increased and the graphene layer 
130 is changed from a hole-doped state to an electron-doped 
State. 

FIG. 3E is a band diagram of a state in which all voltages 
are removed after the program operation of FIG. 3D is 
completed (state “1”). 

If a predetermined or given third gate Voltage (positive 
voltage) is applied to the memory device 100, a drain current 
may be read. If the drain current is relatively high, infor 
mation “1” is recorded in the memory device 100. If the 
drain current is relatively low, information “O'” is recorded in 
the memory device 100. The drain current may be deter 
mined as being relatively high or relatively low in compari 
son to a preset reference current. 

FIGS. 3F and 3G are diagrams for describing a read 
operation. 

Referring to FIG. 3F, if the third gate voltage is applied to 
the gate electrode 150 and the predetermined or given drain 
Voltage is applied to the drain region 124 in an erase state, 
electrons do not move from the source region 122 to the 
drain region 124. 

Otherwise, referring to FIG. 3G, if the third gate voltage 
is applied to the gate electrode 150 and the predetermined or 
given drain Voltage is applied to the drain region 124 in a 
program state, electrons move from the Source region 122 to 
the drain region 124. 

The third gate Voltage has the same polarity as the second 
gate Voltage and may have a smaller absolute value than the 
Second gate Voltage. 

FIG. 3H shows a threshold voltage difference between an 
erase state and a program state. The third gate Voltage is 
located between a threshold Voltage Vo of the erase state 
and a threshold voltage V of the program state. 
A case when the substrate 110 of the memory device 100 

is doped with a p-type impurity and the Source region 122 
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6 
and the drain region 124 are doped with an n-type impurity 
is described above with reference to FIGS. 3A through 3H. 
If the substrate 110 of the memory device 100 is doped with 
an n-type impurity and the Source region 122 and the drain 
region 124 are doped with a p-type impurity, except that 
charges stored in the graphene layer 130 are holes and that 
the polarity of an applied gate Voltage differs, the other 
operation is well known from the above descriptions and the 
operation of the memory device 100 is not repeatedly 
provided here. 

In the memory device 100 using graphene, according to 
example embodiments, charges may be uniformly distrib 
uted in the graphene layer 130 that is a charge-trap layer and 
leakage of trapped charges may be suppressed by a Schottky 
barrier so as to achieve improved retention characteristics. 

FIG. 4 is a cross-sectional view of a memory device 200 
using graphene as a charge-trap layer, according to example 
embodiments. In FIGS. 1 and 4, like reference numerals 
denote like elements and thus detailed descriptions thereof 
are not repeatedly provided here. 

Referring to FIG. 4, a plurality of holes 232 are formed in 
a graphene layer 230. The holes 232 may be slits extending 
in one direction. 

Other elements are the same as those of FIG. 1 and thus 
detailed descriptions thereof are not repeatedly provided 
here. 

Because an electric field from the gate electrode 150 more 
influences the substrate 110 under the graphene layer 230 
through the holes 232, the memory device 200 including the 
graphene layer 230 may have a relatively low operation 
Voltage. 

Although the graphene layer 230 having the holes 232 is 
illustrated in FIG. 4, the present disclosure is not limited 
thereto. For example, a plurality of graphene layers may be 
formed on the substrate 110 to be spaced apart from each 
other. In this case, a slit may be formed between adjacent 
graphene layers. 
The function of the memory device 200 illustrated in FIG. 

4 is Substantially the same as the function of the memory 
device 100 illustrated in FIG. 1 and thus a detailed descrip 
tion thereof is not repeatedly provided here. 

FIG. 5 is a cross-sectional view of a memory device 300 
using graphene as a charge-trap layer, according to example 
embodiments. FIG. 6 is a magnified view of a portion of 
FIG. 5. In FIGS. 1, 5, and 6, like reference numerals denote 
like elements and thus detailed descriptions thereof are not 
repeatedly provided here. 

Referring to FIGS. 5 and 6, a conductive layer 360 
contacting a graphene layer 330 and facing the substrate 110 
with respect to the graphene layer 330 is formed on the 
graphene layer 330. The conductive layer 360 provides a 
charge storing space for storing charges that are moved from 
the graphene layer 330. 
The conductive layer 360 may be formed of polysilicon or 

general metal, for example, aluminum (Al), gold (Au), 
beryllium (Be), bismuth (Bi), cobalt (Co), copper (Cu), 
hafnium (Hf), indium (In), manganese (Mn), molybdenum 
(Mo), nickel (Ni), lead (Pb), palladium (Pd), platinum (Pt), 
rhodium (Rh), rhenium (Re), ruthenium (Ru), tantalum (Ta), 
tellurium (Te), titanium (Ti), tungsten (W), Zinc (Zn), or 
Zirconium (Zr). 
A plurality of holes 332 may be formed in the graphene 

layer 330. The holes 332 may be slits extending in one 
direction. 
A plurality of holes 362 are formed in the conductive layer 

360. The holes 362 may be slits extending in one direction. 



US 9,525,076 B2 
7 

The holes 362 of the conductive layer 360 and the holes 332 
of the graphene layer 330 may be connected to each other. 

Because an electric field from the gate electrode 150 more 
influences the substrate 110 under the graphene layer 330 
through the holes 332 and 362, the memory device 300 may 
have a relatively low operation voltage. 

Other elements are the same as those of FIG. 1 and thus 
detailed descriptions thereof are not repeatedly provided 
here. 

The function of the memory device 300 illustrated in FIG. 
5 is well known based on the function of the memory device 
100 illustrated in FIG. 1 and thus a detailed description 
thereof is not repeatedly provided here. 

According to example embodiments, a graphene layer 
may be used as a charge-trap layer by using a Schottky 
barrier between a Substrate and the graphene layer contact 
ing the Substrate, instead of a tunnel layer. 

If the graphene layer having relatively high charge mobil 
ity is used as a charge-trap layer, trapped charges may be 
uniformly distributed and thus improved charge storage 
characteristics may be achieved. 

It should be understood that example embodiments 
described therein should be considered in a descriptive sense 
only and not for purposes of limitation. Descriptions of 
features or aspects within each embodiment should typically 
be considered as available for other similar features or 
aspects in other embodiments. 
What is claimed is: 
1. A graphene memory comprising: 
a conductive semiconductor Substrate; 
a source and a drain spaced apart from each other on a 

surface of the conductive semiconductor substrate: 
a graphene layer contacting the conductive semiconductor 

Substrate and spaced apart from and between the Source 
and the drain when viewed from a plan view, the 
graphene layer being flat; 

a conductive layer directly on the graphene layer, the 
conductive layer facing the conductive semiconductor 
substrate with the graphene layer therebetween; and 

a gate electrode above the conductive layer, 
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wherein a Schottky barrier is formed between the con 

ductive semiconductor Substrate and the graphene layer 
Such that the graphene layer is used as a charge-trap 
layer for storing charges, 

wherein the gate electrode covers the graphene layer and 
overlaps a portion of the conductive semiconductor 
Substrate exposed by a periphery of the graphene layer 
when viewed from the plan view, 

wherein the graphene layer includes one of at least one 
hole and at least one slit passing through the graphene 
layer, and 

wherein the conductive layer includes one of polysilicon, 
aluminum (Al), gold (Au), beryllium (Be), bismuth 
(Bi), cobalt (Co), copper (Cu), hafnium (Hf), indium 
(In), manganese (Mn), molybdenum (Mo), nickel (Ni). 
lead (Pb), palladium (Pd), platinum (Pt), rhodium (Rh), 
rhenium (Re), ruthenium (Ru), tantalum (Ta), tellurium 
(Te), titanium (Ti), tungsten (W), Zinc (Zn), and Zirco 
nium (Zr). 

2. The graphene memory of claim 1, wherein the con 
ductive semiconductor Substrate includes one of silicon, 
germanium, silicon-germanium, and a Group III-V semi 
conductor. 

3. The graphene memory of claim 1, wherein the graphene 
layer includes one to four layers of graphene. 

4. The graphene memory of claim 1, wherein the con 
ductive layer includes one of at least one hole and at least 
one slit passing through the conductive layer. 

5. The graphene memory of claim 4, wherein the one of 
at least one hole and at least one slit of the graphene layer 
is connected to a corresponding one of the at least one hole 
and the at least one slit of the conductive layer. 

6. The graphene memory of claim 1, wherein a size of the 
Schottky barrier varies according to a Voltage applied to the 
gate electrode. 


